ABSTRACT: The Southern Ocean is believed to be unproductive during winter due pnncipally to low irradiance. On the 1985 Wintercruise of the R N Polar Duke, considerable microbial blomass and rates of primary produchon and bactenal production were found in sea ice up to 1.79 m thick. Microbial activity associated with sea ice was equal to that found in several meters of underlying seawater. Downwelling irradiance was adequate for net production near the surface of ice-free water and in sea ice. Approximately 40 % of the newly fixed carbon incorporated by ice microalgae was assimilated into protein, suggesting that net growth was taking place without nutrient limitation. We propose that annual estimates of primary production should be revised upward by as much as 25 % to account for this unexpected productivity during late winter in the Southern Ocean. In addition, sea ice should be viewed as a concentrated source of microalgal carbon for grazers such as krill during late winter when phytoplankton in the water column are scarce. In situ observations by divers suggest that sea ice may also serve as an important nursery ground for larval knll during this time of year. We conclude that both the quantity of sea ice associated production and seasonal timing of this production are important factors in Antarctic trophodynamics.
INTRODUCTION
Research cruises conducted from austral spring to autumn have found high standing crops of phytoplankton in the inshore waters of Antarctica (El-Sayed & Turner 1977) . Patchy blooms of diatoms, dinoflagellates, flagellates, and Phaeocystis spp. have been reported in excess of 25 mg Chl a m-3 in coastal waters west of the Antarctic Peninsula (Mandelli & Burkholder 1966 , El-Sayed 1967 , von Bodungen et al. 1982 , ElSayed 1984 . Primary productivity in these regional blooms is well correlated with high biomass, reaching up to 3.6 g C m-2 d-' with peaks at depths corresponding to 25 to 50 O/O of surface irradiance (El-Sayed 1984) . In addition, the marginal ice-edge zone has been reported to be a region of increased phytoplankton biomass and primary productivity (Hart 1934 , El-Sayed 1971 , El-Sayed & Taguchi 1981 , Nelson & Gordon 1982 , Smith & Nelson 1985 . Such temporally and spatially episodic primary production apparently supports the krill-dominated food webs of the Southern Ocean during much of the year.
Research in the Weddell Sea (Ackley et al. 1979 , Garrison &Buck 1982 , Gamson et al. 1983 , Clark & Ackley 1984 , and at several coastal sites (Bunt 1963 , Whitaker 1977 , Hoshiai 1977 , McConnville & Wetherbee 1983 , Palmisano & Sullivan 1983 , McConnvllle et al. 1985 , Grossi et al. 1987 suggests that significant primary production is also associated with sea ice (pack ice and land-fast ice). Ice provides several microhabitats for blooms of'microalgae (Whitaker 1977 , Garrison et al. 1986 ) and supports a microbial loop analogous to that found in the underlying seawater (Sullivan & Palmisano 1984 , Kottmeier et al. 1987 . Blooms of ice microalgae have been observed to have standing crops of 300 mg Chl a m-2 (Palmisano & Sullivan 1983 ) and estimates of primary production have been reported to be as high as 2 g C m-2 d-' (Grossi et al. 1987 ).
Scant information is available however on primary production in the Southern Ocean during winter; no information is available on bacterial production. Significant chlorophyll a and net production were found from September to October 1978 in the Scotia Sea by El-Sayed & Weber (1982) . At the highest southern latitude where sea ice exists (McMurdo Sound, 77" 51' S) w e have measured standing crops of microalgae and primary production as high as 15 mg Chl a m-' and 58 mg C m-2 d-' respectively for the transition from winter to spring (Sep-Oct) in sea ice; negligible phytoplankton biomass and production were found in the underlying seawater (Kottmeier & Sullivan unpubl. obs.) . Several factors affecting quantity and quality of light (day length, low sun angle, increased reflectance, gpectral composition, ice cover, cloud cover, and stormy conditions) have been hypothesized to limit photosynthesis from spring to autumn (El-Sayed 1971 , Holm-Hansen et al. 1977 , El-Sayed 1978 , 1984 , Jacques 1983 , Heywood & Whitaker 1984 , Palmisano et al. 1987 . As a result winter has been regarded as a long 'polar night' (Heywood & Whitaker 1984) and period of no primary production even in recent estimates of annual production (Smith & Nelson 1986 ). The 1985 Wintercruise of the R/V Polar Duke thus provided an ideal opportunity to make a preliminary study of primary production and bacterial production in the water column and sea ice during late winter, the time of maximal sea ice coverage in the Southern Ocean.
MATERIALS AND METHODS
Ten stations were taken from 26 August to 17 September 1985 in the region of the southern Bransfield Strait to northern Marguerite Bay along the western Antarctic Peninsula. Downwelling irradiance was measured by a spherical irradiance meter (Model QSP-200, Biosphencal Instruments) and surface irradiance by a hemispherical irradiance meter (Model QSR-240, Biospherical Instruments), mounted on the helicopter deck, connected through a digital scalar irradiance meter (Model QSP-170A, Biospherical Instruments). Samples of seawater were taken with 10 1 Niskin bottles (General Oceanic) from 100, 10, 1, and 0.1 % light depths at hydrostations and at 3 m at ice stations.
At sea ice stations, ice coverage ranged from 5/10 to 10/10, thickness varied from 0.20 to 1.79 m, and measured less than 20 m in the longest dimension horizontally ( Table 1) . Such ice is classified as young to thick, first-year, 'cake' ice (Stringer et al. 1984) . At 6 stations entire cores of ice were taken using a CRREL auger (7.6 cm dia). Ice cores were cut horizontally into 20 cm sections in the field as described elsewhere (Grossi & Sullivan 1985) . Additional bottom sections of ice were taken at each sea ice station, gently sawed and scraped into large volumes of 0 "C, 0.2 pm Nuclepore-filtered seawater (FSW), and allowed to melt at 0 "C as described previously (Palmisano et d. 1985) . This procedure permitted release of sea ice microbial communities from the ice matrix and reduced the risk of osmotic shock from low salinity meltwater. Withln 6 h of collection, the resulting slurry of ice meltwater was used in experiments designed to measure rates of primary and bacterial production. Downwelling irradiance beneath cakes of sea ice was measured by scuba divers holding a spherical irradiance meter (Model QSI-140, Biospherical Instruments). Location of stations, date of sampling, depth of water samples, and thickness of ice cores are presented in Table 1 and Fig. 1 .
Measurements of primary production were canied out in 300 m1 BOD bottles (Wheaton) using either (SD) ~Einsteins m-2 S-' for microalgae from the bottom of congelation ice in McMurdo Sound . To each bottle 10 pCi of NaH14C03 (New England Nuclear) were added and then the bottle inverted several times to mix the label prior to incubation for 24 h at -1.9 f 0.1 "C in Freezesafes (Polyfoam Packers) containing a mixture of sea ice and seawater. The entire contents of each BOD bottle were filtered onto a GF/C (Whatman) filter (47 mm dia). The BOD bottle and filter were rinsed several times with FSW, the filter fumed over concentrated HCl for 30 S, and placed into a scintillation vial for radioassay at the University of Southern California (USC). At USC, 10 m1 of Scint A (Packard) were added and each vial radioassayed in a Beckman LS 1800 scintillation counter, using an external standard ratio and quench curve to correct for quenching. The rate of synthesis of low molecular weight metabolites, lipids, polysaccharides, and protein, by 14C02 fixation of sea ice microalgae was determined by the technique of Li et al. (1980) . Samples of sea ice microalgae were incubated for 24 h at 58 yEinsteins m-2 and -1.9 "C before being filtered onto GF/C filters (25 mm dia) as for primary production. Filters were frozen at -20 "C until extraction at USC. This crude fractionation yielded an aqueous methanol-soluble fraction (metabolites), a chloroform-soluble fraction (lipid), a hot 5 % TCA-soluble fraction (polysaccharide), and a hot 5 % TCA-insoluble fraction (protein). The amount of 14C incorporated into these fractions was radioassayed a s described above.
Rates of bacterial production were measured in 150 m1 serum bottles (Wheaton) according to the procedure of Fuhrman & Azam (1980) as modified by Kottmeier et al. (1987) . [Methyl-3H]-thymidine (New England Nuclear) (78 Ci mmol-' sp. act.) was diluted to 16 Ci mmolF1 with cold thymidine (Sigma) and added to each serum bottle to yield a final added concentration of 10.2 nM thymidine. Serum bottles were incubated in the dark at -1.9 k 0.1 "C in Freezesafes. Bacterial production was measured by incorporation of 3H-thymidine into cold trichloroacetic acid (TCA) precipitable material collected on 0.2 pm pore size Nuclepore filters. Filters were rinsed 3 times with 5 m1 of cold (0 "C) 5 '10 TCA following extraction with 5 O/O TCA to rinse away excess 3H-thymidine not incorporated by bacteria. Filters were radioassayed at USC according to the procedure described above. Replicate determinations agreed within 10 % . Bacterial cell production was calculated from a conversion factor of 2.05 X 10" cells per mole of thymidine incorporated ( k e m a n n et al. 1982) . This ylelds a conservative estimate of bacterial cell production since the conversion factor has been reported to range from 4 to 60 X 10" cells per mole of thymidine incorporated (H. Ducklow pers, comm.) . Using epifluorescence microscopy bacterial biovolumes were estimated from cell dimensions (Zimmerman 1977) of acridine orange stained samples . Bacterial biomass was derived from biovolume using a conversion factor of 220 fg C ym-3 (Bratbak & Dundas 1984) . Bacterial carbon production was determined from cell production and average cell biomass.
Daily primary production and bacterial production (carbon or cell) in sea ice were calculated by correcting for FSW dilution of the sample (Grossi et al. 1987) and then multiplied by the thickness of the sea ice.
Sections of sea ice were allowed to melt at 20 'C prior to filtration onto GF/C filters (47 mm dia) for determination of chlorophyll a and phaeopigments. Samples of the seawater or slurries of sea ice used in primary production experiments were also filtered. Filters were frozen at -20°C until extraction. Filters were extracted in 100 % acetone and analysed fluorometrically following the method of Strickland & Parsons (1972) . (Table  2 ). In ice-free waters, the depth to which 0.1 % of surface irradiance penetrated ranged from 41 to 62 m (Table 1) . Instantaneous downwelling irradiance on the surface of sea ice ranged from 140 to 826 yEinsteins m-2 s-l (Table 2) . Previous studies indicate a 60 to 90 % albedo in polar regions (Palmisano et al. 1987) . Downwehng irradiance was greatly attenuated directly beneath sea ice, ranging from 4 to 20 pEinsteins m-2 S-', but was higher between ice cakes, r a n y n g from 18 to 47 ~Einsteins m-' S-'. Thus the bottom of sea ice 0.2 to 1.8 m thick approximated the depth of 1 % of surface irradiance, which was found at 34 to 48 m depth in ice-free waters.
RESULTS

Surface
Hydrostations were characterized by low concentrations of chlorophyll a ranging from 0.02 to 0.13 mg m-3, almost evenly distributed down to the 0.1 % light depth ( Fig. 2A to D) . Integrated to the 0.1 ' 1 0 light depth chlorophyll a ranged from 1.19 to 5.53 mg m-2, with an average of 3.64 f 1.09 (SE) mg m-2 (Table 3) . Sea ice exhibited considerably higher concentrations of chlorophyll a , ranging from 2.0 to 48.5 mg m-3 of meltwater ( Fig. 3A to H) . Integrated over the ice thickness (0.20 to 1.79 m) chlorophyll a ranged from 1.2 to 30 mg m-2, with an average of 9.4 f 1.9 (SE) mg m-2 (Table 4 ). In seawater 3 m beneath sea ice, chlorophyll a was higher than in ice-free seawater; it ranged from 0.06 to 1.30 mg m-3, amounting to 1.2 k 1.1 mg m-' for the integrated 3 m water column.
Distribution of phaeopigments at hydrostations paralleled that of chlorophyll a, but concentrations were lower ranging from 0.03 to 0.05 mg m-3 ( Fig. 2A to D) .
Phaeopigments :chlorophyll a ratios averaged 0.48 + 0.04 (SE) and ranged from 0.28 to 0.82, suggesting some breakdown and/or grazing of chlorophyll a in the water column. Phaeopigments in sea ice and underlying seawater also paralleled the distribution of chlorophyll a concentrations (Fig. 3A to H) . They ranged from 1 to 14 mg m-3 for sea ice and 0.02 to 0.04 mg m-3 for seawater. Phaeopigments:chlorophyll a ratios averaged 0.17 + 0.01 (SE) and ranged from 0.03 to 0.53 for sea ice, suggesting little breakdown of chlorophyll a. In underlying seawater however, phaeopigments: chlorophyll a ratios averaged 0.35 2 0.13 (SE) and ranged from 0.14 to 0.64, indicating more breakdown and/or grazing on chlorophyll a in seawater closely associated with sea ice.
Primary production at ice-free stations was greatest at the surface and decreased markedly down to the 0.1 O/O light depth, paralleling the distribution of chlorophyll a (Fig. 4A to D Table 3 . Hydrostation chlorophyll a, primary production, bacterial carbon production, and bactenal cell production on the 1985 Table 4) . In seawater 3 m beneath sea ice, primary production ranged from 0.2 to 1.9 mg C m-2 d-l, with an average of 0.8 f 0.5 mg C m-2 d-l.
The majority of recently fixed carbon in sea ice was partitioned into protein (37 to 44 %) (Table 5) by an algal assemblage dominated in biomass by centric diatoms. Less was incorporated into polysaccharides (29 to 31 %), low molecular weight compounds (19 to 22 % ) , and Lipids (7 to 11 %).
Bacterial cell and carbon production at ice-free stations generally exhibited distribution patterns inversely related to primary production ( Fig. 4A to D) . (Table 4 ) . Bacterial cell and carbon production in seawater 3 m beneath sea ice were lower than in sea ice, averaging 4.5 + 3.5 (SE) X 10'' cells m-' d-' and 1.0 k 0.7 mg C m-' d-' respectively.
Since the structural integrity of the sea ice was not maintained in productivity experiments as we have done for congelation and platelet ice (Grossi et al. 1987 , Kottmeier et al. 1987 and only the bottom sections of ice were used, these results should be regarded as potential production for the ice. Unlike the congelation ice of McMurdo Sound (Gow et al. 1981) , in which most of the microbial biomass accumulates in the bottom few cm of the ice (Sdhvan & Palmisano 1984 , Grossi & Sullivan 1985 , Grossi et al. 1987 , Kottmeier et al. 1987 , cake ice on the Wintercruise exhbited significant microbial biomass throughout the ice column (Fig. 3) , similar to pack ice (Ackley et al. 1979 , Gamson & Buck 1982 . Since this ice has smaller horizontal (< 20 m) and vertical dimensions (20 to 172 cm) and is subjected to hydraulic pumping by wave action (S. Ackley pers. comm.), its microbial communities may be perfused more with seawater than land-fast sea ice. This may in part explain why high microbial biomass is distributed throughout the ice column. Ice meltwater slunies used for productivity experiments may thus reasonably reflect conditions which microbial communities experience in situ in cake ice, with salinities and nutrient concentrations close to that of the surrounding seawater. In addition, assimilation numbers ranged from 0.11 to 0.55 mg C mg Chl a-' h-', which are comparable to the range of 0.17 to 1.95 mg C mg Chl a-' h-' found for intact congelation ice incubated in situ at McMurdo Sound (Grossi 1985 , Grossi et al. 1987 ). This suggests minimal perturbations of ice algal metabolism during productivity experiments. Hence the present results may approach in situ rates of photosynthesis.
Spearman rank correlations were calculated for bacterial cell production, secondary production, microalgal biomass (chlorophyll a), breakdown and/or grazing of chlorophyll a (phaeopigments), and primary production for hydrostations and ice stations combined (Tate & Clelland 1957) . No significant correlations (p < 0.05) were found between bacterial carbon and cell produc- ND: no data; NM: not measurable tion and either chlorophyll a or primary production. This contrasts sharply with positive correlations found by others (Hobbie & Rublee 1977 , Azam et al. 1983 , Grossi et al. 1984 , Kottmeier et al. 1987 .
DISCUSSION
During late winter considerable microbial biomass and production were associated with sea ice west of the Antarctic Peninsula. Most of the chlorophyll a, phaeopigments, primary production, and bacterial production was observed within sea ice up to 1.79 m thick, and was equal to that found in several meters of underlying seawater (Table 6 ). We hypothesize that sea ice initiates and maintains relatively high levels of primary production and bacterial production in the Southern Ocean at these latitudes in late winter, a season formerly thought to be totally unproductive due to low irradiance.
Although surface irradiance varied markedly during this time of year, downwelling irradiance was adequate for net photosynthesis near the surface in icefree water and in sea ice. At ice-free stations, surface downwelling irradiance just exceeded the 200 to 500 ~Einsteins m-* S-' apparently required to saturate photosynthesis at least for summer populations of Antarctic phytoplankton (Sakshaug & Holm-Hansen 1986) . Irradiance may have been sufficient to exceed saturation for photosynthesis of phytoplankton down to approximately the 50 % light depth, suggesting why primary production was greatest at the surface of the water column. Photosynthesis by ice rnicroalgae, known to saturate from 5 to 21 pEinsteins m-2 S-' (Bunt 1964 , Horner 1985 , was also saturated by downwelling irradiance at the surface and within the sea ice matrix. This was particularly true between ice cakes where slurries of ice algae were blooming at higher irradiances than those found beneath the ice, which may be as low as 1 O/ O of surface irradiance. Phytoplankton beneath a heavy concentration of sea ice may not be exposed to irradiance saturating for photosynthesis and may not exhibit net photosynthesis and growth (Suhvan et al. 1984 (Suhvan et al. , 1985 . This may account in part for the low chlorophyll a concentrations seen in the seawater.
In t h s drifting cake ice we found a high percent incorporation of photosynthetically fixed carbon into protein by ice microalgae in contrast to our studies of the austral summer bloom in congelation ice of McMurdo Sound (Palrnisano & Suhvan 1985) . We interpret these data to indicate that ice microalgae sampled during the Wintercruise were not nutrient limited and were experiencing net growth. Incorpora- tion of a large fraction of fixed carbon into proteins may reflect a 'shift-up' in algal growth rate (sensu Kjeldgaard et al. 1958) , with increased rates of protein synthesis, as a bloom begins during late winter.
Thus at the surface in ice-free water and in sea ice, net production was supported by low but adequate irradiance. Integrated primary production at hydrostations down to 4 1 to 62 m was greater than mean summer Antarctic primary production (Nov to Feb) of 134 mg C m-2 d-' (El-Sayed 1984) . In addition primary production in sea ice less than 2 m thick was approxlmately 25 % of mean summer primary production. Also bacterial production may provide an important source of carbon to upper trophic levels via the microbial loop (Garrison et al. 1986 , Kottmeier et al. 1987 , since it was a substantial fraction of primary production at some stations (Tables 3, 4 & 6) . Estimates of annual primary production in the Southern Ocean therefore need to be revised to reflect this late-winter microbial productivity. Our results suggest that far from being a season of no production, which Table 6 . Range of chlorophyll a, phaeopigments, primary produchon, bacterial carbon production, and bacterial cell production for hydrostations and ice stations (ice and 3 m seawater beneath sea ice) on the 1985 Wintercruise I NM: not measurable l some have represented in their budgets of annual production (El-Sayed 1978 , Smith & Nelson 1986 ), substantial net primary production and bacterial production occur both in sea ice and in the water column. It is difficult however to assess how widespread this productivity is for the Southern Ocean. High productivity has been found in the water during summer for this region of the Antarctic Peninsula, while open ocean production has been more typical of oligotrophic regions (El-Sayed 1984) . Assuming a productive area of water south of the Antarctic Convergence of 6 X 106 km2 (Holm-Hansen & Huntley 1984) and an average water productivity of 0.288 g m-2 d-' measured during the Wintercruise, yields 52 X 1012 gm C for the month of September (negligible production assumed for phytoplankton in the water column beneath sea ice). Our observation of substantial blooms of ice algae as far south as 67'45.5' S in early September on the Wintercruise of the R/V Polar Duke, the recent observations of blooms of ice algae along the prime meridian during July-August on the Wintercruise of the R/V Polarstern (J. C. Corniso pers. comm.), and reports of ice algal growth for Arthur Harbor in July and August (Krebs 1983) , coupled with measurements of net production at the very high latitude of McMurdo Sound in September (Kottmeier & Suhvan unpubl. obs.) , suggest that net production occurs in sea ice over a vast area in winter. Assuming 33 to 100 % of Antarctic sea ice during September is productive (5.7 to 17.4 X 106 km2 from Zwally et al. 1983 ) and an average primary production of sea ice of 0.035 g C m-2 d-' measured during the Wintercruise, yields 6 to 18 X 1012 g C. Combined primary production for September would amount to 58 to 70 X 1012 g C, increasing annual production 9 to 11 % above the 610 X 10" g C estimated by El-Sayed (1978) for the Southern Ocean. Due to observed ice algal blooms during July and August, it is not fanciful to extend winter sea ice production back to the beginning of August, which would add another 3 % to the estimate of annual primary production.
Assuming production for October at least equal to that for September (58 to 70 X 10" gm C) would add another 9 to 11 % to the estimate of annual production. Thus late winter production from August through October may contribute as much as 25 % more production than estimated previously. In addition to the quantity of winter production, a most important contribution to food web relationships may be the timing of the production. Late winter production may serve as a n especially important source of food for grazers such as krill. Since concentrations of phytoplankton are generally believed to be too low and krill lipid reserves too slight to last more than a few weeks (Mauchline & Fisher 1969) , several hypotheses have been proposed to account for winter survival of krill. These include feeding on lipid-rich copepods (Boyd et al. 1984) , use of their exoskeleton as a source of energy (Ikeda & Dixon 1982) , and grazing on sea ice algae (Hamner et al. 1983 , Holm-Hansen & Huntley 1984 , Boyd et al. 1984 . Sea ice in particular provides several habitats where active and concentrated assemblages of microalgae and bacteria are available for assimilation by knll. Recent evidence indicates that krill have high levels of digestive enzymes in late winter when the most probable source of food would be sea ice microbial communities (Garrison et al. 1986 ). In addition, phaeopigments : chlorophyll a ratios from the Wintercruise suggest that more chlorophyll a breakdown and/or grazing occurs in seawater than in sea ice. This would be true if there were grazing on ice microalgae and faecal pellets were released into the underlying seawater. If the calculations of Ross & Quetin (1986) are accurate in predicting concentrations of chlorophyll a required for reproduction of Euphasia superba (1 to 5 mg m-3), then krill could obtain sufficient carbon to prepare for reproduction by f e e d n g on microalgae in late winter sea ice, but probably not on phytoplankton in seawater. Such hypothesized behavior may explain positive growth (Stepnik 1982) and ovarian development (Mauchline & Fisher 1969) seen in krill during August and September. Late winter sea ice may therefore be an important feeding site for adult krill preparing to reproduce, long before the advent of phytoplankton blooms in icefree waters during the austral summer (Mauchline & Fisher 1969 , Makarov 1979 , Ross & Quetin 1986 .
Sea ice during winter may also serve as an important nursery ground for larval krill. During the Wintercruise, swarms of larval krill were observed by our divers to be associated with and apparently grazing on blooms of ice algae as evidenced by the presence of green pigmented material in their foreguts. Ctenophores in turn were observed preying on larval krill swimming in seawater immediately underlying the sea ice. Sea ice may thus provide larval krill with not only an unexpected source of food from ice algae and bacteria (via the microbial loop), but also a refugium, analogous to that observed for some arctic amphipods (Carey 1985) and antarctic amphipods (Richardson & Whitaker 1979 .
This study expands our knowledge of production in the Southern Ocean to late winter when little is known. Low irradiance at this time does not eliminate primary production as initially hypothesized; net primary production and bacterial production occur in sea ice and near the surface of ice-free water. In addition, a short food chain was associated with sea ice, consisting of krill and ctenophores at the higher trophic levels apparently supported in part by the production of ice rnicroalgae and possibly bacteria. Early productivity in this thin layer of sea ice and at the surface of ice-free water apparently signals the becpnning of a wave of productivity that spreads in the water column and along marginal ice edge zones as sea ice melts during the austral spring and summer.
